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INTRODUCTION
Endoplasmic reticulum-associated degradation (ERAD) is an ER-localized, ubiquitin-mediated quality control pathway that degrades damaged or misfolded ER proteins (Hampton and Garza, 2009; Foresti et al., 2013) . Substrate ubiquitination occurs through ERAD-specific E3 ubiquitin ligases, followed by substrate transfer to the 26S proteasome (Richly et al., 2005) . ERAD degrades a variety of misfolded proteins, including both fully luminal (ERAD-L) and integral membrane (ERAD-M) substrates (Plemper et al., 1998; Vashist and Ng, 2004) . In this capacity, these degradation pathways play important roles in a variety of human maladies, including cystic fibrosis, retinal degeneration, aging, and type II diabetes (Zhao and Ackerman, 2006) . ERAD pathways also degrade a number of normal proteins, the best studied being the enzyme HMGR (hydroxy-3-methyl-glutaryl-CoA reductase). In both yeast and mammals, HMGR undergoes regulated ERAD as part of cellular control of sterol synthesis. In mammals, the lone HMGR enzyme is subject to regulated ERAD, while in yeast the Hmg2 isozyme undergoes regulated degradation and the Hmg1 isozyme is stable in all conditions (Hampton and Garza, 2009; Jo and Debose-Boyd, 2010) .
In S. cerevisiae, ERAD is mediated by the HRD (HMG-CoA reductase degradation) and DOA (degradation of a 2) pathways, by the separate, conserved integral membrane E3 ligases Hrd1 and Doa10 (Carvalho et al., 2006; Chen et al., 2006; Foresti et al., 2013; Hampton and Garza, 2009) . A unifying feature of all ERAD pathways is movement of ER substrates to the cytosol in a process known as retrotranslocation (Baldridge and Rapoport, 2016; Garza et al., 2009a; Hiller et al., 1996; Nakatsukasa et al., 2008) . Retrotranslocation requires the Cdc48 ATPase (p97 in mammals) as an energy source for substrate extraction, which entails complete removal of integral membrane ERAD-M substrates from the ER membrane and movement of lumenal ERAD-L substrates across the ER membrane (Braun et al., 2002; Meyer et al., 2000; Ye et al., 2001) .
Retrotranslocation remains poorly understood, and, in particular, the identity of a transmembrane channel for ERAD-M substrates is unclear (Carvalho et al., 2010; Garza et al., 2009a; Hampton and Sommer, 2012; Nakatsukasa and Kamura, 2016; Plemper et al., 1997; Scott and Schekman, 2008; Wahlman et al., 2007) . We employed a previously characterized self-ubiquitinating substrate SUS (Garza et al., 2009a) , which undergoes retrotranslocation independently of all known candidates, along with a new complete mutant array called SPOCK (single plate orf compendium kit), to discover mutants with deficiencies in ERAD-M retrotranslocation (Jaeger et al., 2018) . Our analysis revealed that the derlin Dfm1 had a broad and strong role in ERAD-M in both the HRD and DOA pathways. Dfm1 is a member of the rhomboid superfamily, and it has a unique C-terminal SHP box motif that binds Cdc48 (Goder et al., 2008; Sato and Hampton, 2006; Stolz et al., 2010) . The conserved rhomboid sequences and the SHP box were each required for Dfm1-mediated retrotranslocation, and they appeared to serve distinct functions. The SHP box allowed Cdc48 association with the membrane, and the rhomboid sequences were required for substrate extraction.
This strong, broad role for Dfm1 was perplexing because we had previously reported that Dfm1 was not involved in either HRD-or DOA-dependent ERAD (Sato and Hampton, 2006; Goder et al., 2008) , while others have published a role for Dfm1 in only DOA-dependent branches of ERAD (Avci et al., 2014; Stolz et al., 2010) . We resolved this conundrum by showing dfm1D underwent rapid suppression during strong expression of ERAD-M substrates. dfm1D suppression required Hrd1, which was elevated in suppressees by a duplication of chromosome XV. Our results show that a dedicated ERAD-M retrotranslocation pathway mediated by Dfm1 exists and that Hrd1 may provide an ancillary route in the absence of Dfm1.
RESULTS

SUS-GFP as an Optical Retrotranslocation Reporter
We employed the well-characterized SUS to screen for genes required for late stages of ERAD. SUS consists of the catalytically active cytosolic RING domain of the Hrd1 E3 ligase fused to the transmembrane domain of the highly stable Hmg1 isoform of HMGR. SUS undergoes self-catalyzed degradation dependent on its Hrd1 RING domain, the E2 Ubc7, and Cdc48 (Garza et al., 2009a) . Full-length SUS is retrotranslocated to cytosol in a Cdc48-dependent manner, but it does not require Hrd1 or Doa1 for degradation. We employed SUS in a screen biased toward the late stages of ERAD steps and, particularly, retrotranslocation.
To facilitate screening, we made an SUS-GFP optical reporter expressed from the strong TDH3 promoter ( Figure 1A ). Because the Hmg1 included an added Myc epitope in the first lumenal loop, we confirmed that the GFP did not affect SUS topology by limited proteolysis with trypsin followed by blotting for the lumenal Myc or the cytosolic HA epitopes ( Figure 1B ). SUS-GFP behaved identically to SUS in all assays used to characterize SUS initially (Garza et al., 2009a) : SUS-GFP degradation was rapid in WT and hrd1D strains but drastically stabilized in ubc7D and cdc48-2 ( Figure 1C ) strains. We examined retrotranslocation of SUS-GFP with our in vivo retrotranslocation assay (Neal et al., 2017) . Proteasome inhibitor MG132-or vehicle-treated cells expressing SUS-GFP were lysed without detergent, and membrane-bound SUS-GFP was separated from cytosolic retrotranslocated SUS-GFP. Retrotranslocated, ubiquitinated SUS-GFP was immunoprecipitated from the soluble (S) fraction using anti-GFP antibodies, and it was detected by ubiquitin immunoblotting ( Figure 1D , top panels). The pellet was solubilized and similarly analyzed ( Figure 1D , bottom panels). As expected, a fraction of the ubiquitinated SUS-GFP was soluble in untreated cells ( Figure 1D , lanes 1 and 2), indicating that SUS-GFP underwent retrotranslocation in normal conditions. Addition of MG132 increased ubiquitinated SUS-GFP in both the fraction that remained in the membrane (P) and the S fraction, as expected when the proteasome was blocked ( Figure 1D , lanes 3 and 4). Like SUS and Hmg2-GFP (Garza et al., 2009a) , full-length SUS-GFP was retrotranslocated, as shown when enzymatic removal of the attached ubiquitin from the retrotranslocated material by protease Usp2 catalytic core (Usp2Core) restored full-length SUS-GFP ( Figure 1D , right panel).
To test the utility of SUS-GFP as an optical reporter, we examined SUS-GFP steady-state levels in ubc7D and cdc48-2 by colony fluorescence and flow cytometry. Colony fluorescence was assessed by plating early log phase cells onto YPD plates followed by 2 days outgrowth, followed by direct observation of colony fluorescence with appropriate illumination and filters (Hampton, 2005) . Log phase GFP fluorescence was also measured by flow cytometry. Colony fluorescence and flow cytometry each showed dramatic elevation of SUS-GFP steady-state levels in ubc7D and cdc48-2 strains compared to wild-type (WT) or hrd1D, clearly seen by direct inspection of outgrown colonies ( Figure 1E ), or a 12-fold increase in mean fluorescence in flow cytometry ( Figure 1F ), validating each method for detection of stabilizing mutants.
Yeast Genomic Screen to Identify Retrotranslocation Factors
We employed a high-throughput yeast genomic screen to identify ERAD retrotranslocation. Using standard SGA technology (Collins et al., 2010) , SUS-GFP was introduced into the SPOCK collection consisting of a 5,808 yeast strain array of non-essential gene deletion mutants and essential DAmP gene mutants (Jaeger et al., 2018) . The resulting SUS-GFP array was transferred to 16 3 384-well plates containing 50 mL YPD per well. Each resulting mutant was analyzed by high-throughput flow cytometry to measure the corrected mean fluorescence intensity ( Figure 1G ). Mutants exhibiting high fluorescence were validated for stabilization in SUS-GFP degradation by direct biochemical tests (full results in Table S3 ). Among these were a number of expected ERAD mutants, including ubc7D null a cdc48 hypomorph, both rad23 D and dsk2 D nulls, and several proteasome subunit hypomorphs. In addition, several unanticipated strong candidates emerged, including the subject of this work.
Dfm1 Was Required for Retrotranslocation
One of the leading candidates identified in the screen for SUS-GFP degradation factors was the derlin Dfm1 ( Figure 2A ). Degradation assays showed strong stabilization of SUS-GFP or the bona fide HRD pathway substrate Hmg2-GFP ( Figures  2A and 2B ) by the dfm1D null mutant. We directly tested Dfm1's role in retrotranslocation with the in vivo retrotranslocation assay as described above (Neal et al., 2017) , on both SUS-GFP ( Figure 2C ) and Hmg2-GFP ( Figure 2D ) as substrates. In each group, the hrd2-1 Rpn1 mutant of the 26S proteasome was included to show strong substrate retrotranslocation, and the cdc48-2 allele of AAA-ATPase was included to show deficient substrate retrotranslocation (Garza et al., 2009a) . cdc48-2 caused a complete block of SUS-GFP or Hmg2-GFP retrotranslocation ( Figures 2C and 2D , lanes 5 and 6), and the dfm1D null showed a similarly strong retrotranslocation defect with SUS-GFP or Hmg2-GFP, as indicated by the complete lack of ubiquitinated material in the S100 fraction (Figures 2C and 2D, lanes 7 and 8) . In contrast, der1D or sec61-2 cells showed no effect on either substrate when compared to WT strains in the presence or absence of MG132, consistent with our earlier observation of the lack of involvement of these two candidates in Hmg2-GFP extraction (Figures 2E and 2F) (Sato and Hampton, 2006) .
Generality of Dfm1's Role in Membrane Protein ERAD
We next examined the extent of Dfm1 involvement in ERAD using various substrates (Hampton et al., 1996; Ravid et al., 2006; Swanson et al., 2001) . Some studies of Dfm1 have found a role in DOA ERAD pathways (Avci et al., 2014; Stolz et al., 2010) , while our earlier work found no involvement. Accordingly, we thoroughly and directly compared a variety of ERAD substrates WT strains were grown to log phase and treated with MG132 (25 mg/mL). Crude lysate was prepared and ultracentrifuged to discern ubiquitinated SUS-GFP that either has been retrotranslocated into the soluble fraction (S) or remained in the membrane (P). Following fractionation, SUS-GFP was immunoprecipitated from both fractions, resolved on 8% SDS-PAGE, and immunoblotted for ubiquitin and SUS-GFP. Right panel, in vivo retrotranslocated SUS-GFP is full-length. Fulllength SUS-GFP was immunoprecipitated and immunoblotted for SUS-GFP with a-GFP and a-Ubi.
(E) Colony fluorescence shows increased steadystate levels of SUS-GFP in ubc7D and cdc48-2 strains. The indicated strains were grown to log phase and 0.03 OD of cells were spotted onto YPD plates and grown at 30 C for 2 days. Plates were imaged by a fluorescent imager.
(F) Flow cytometry shows increased steady-state levels of SUS-GFP in ubc7D and cdc48-2 strains. The indicated strains were grown to log phase and were subjected to flow cytometry. Histograms of 10,000 cells are shown, with the number cells versus GFP fluorescence.
(G) High-throughput pipeline for identifying genes involved in SUS-GFP retrotranslocation. The SUS-GFP reporter was introduced into the SPOCK collection consisting of a 5,808 genome-wide library of yeast nulls and DaMP essential genes using SGA technology. The array was transferred to liquid YPD media in 384-well plates and SUS-GFP fluorescence was measured by a LS Fortessa high-throughput flow cytometer. in uniform strains. Test proteins included the additional integral membrane HRD substrates (ERAD-M) Pdr5* (Plemper et al., 1998) and Sec61-2; luminal HRD substrates (ERAD-L) CPY* and KHN; and the DOA pathway substrate (ERAD-C) Ste6*-GFP, with a misfolded cytoplasmic portion. The effect of a dfm1D was directly tested with CHX-chase assays on Pdr5*, Ste6*, and Sec61-2 ( Figures 3A-3C ). In all three cases, the normally degraded substrates were stabilized by dfm1D. We confirmed that Ste6* retrotranslocation was strongly blocked in the dfm1D by directly examining a GFP fusion of this substrate, Ste6*-GFP, in the in vivo retrotranslocation assay ( Figure 3D ), as used above. The extent of inhibition of Ste6*-GFP caused by dfm1D was again as strong as that caused by cdc48-2. In striking contrast, ERAD-L substrates CPY* and KHN were unaffected by the dfm1D but strongly stabilized by der1D null (Figures 3E and 3F) . This was also true for the membrane-spanning Der1-dependent substrate KWW ( Figure 3G ). Taken together, these data indicated that Dfm1 is generally involved in retrotranslocation integral membrane HRD and DOA substrates, but not any ERAD-L substrates examined.
Dfm1 Was Required for Hrd1 Retrotranslocation
The Hrd1 E3 ligase can undergo self-ubiquitination and degradation in a proteasome-dependent manner (Carroll and Hampton, 2010; Vashistha et al., 2016) . Recent studies have implicated Hrd1 as a channel for ERAD-L retrotranslocation (Baldridge and Rapoport, 2016) . This begs the intriguing question of whether the multispanning Hrd1 protein meditates its own retrotranslocation during self-catalyzed ERAD or rather if it too requires Dfm1. In WT cells, Hrd1 was very stable and there was no effect on Hrd1 levels upon the loss of Dfm1 ( Figure 3H ). Conversely, when Hrd3 is absent, Hrd1 undergoes rapid selfubiquitination and degradation (Carroll and Hampton, 2010; Gardner et al., 2000; Vashistha et al., 2016) . In an hrd3D, the levels of Hrd1 plummeted due to Hrd1 self-ubiquitination ( Figure 3H ). We examined the importance of Dfm1 in Hrd1 degradation in an hrd3D background. The dfm1D null completely stabilized Hrd1 in the hrd3D background. Furthermore, we observed a complete block of Hrd1 retrotranslocation when dfm1D was included in the hrd3D cells ( Figure 3I ), resulting in a large buildup of ubiquitinated Hrd1 in the microsome (P) fraction, even in the absence of MG132 ( Figure 3I , lanes 5 and 6). Thus, ironically, Hrd1 appears to require Dfm1 for its own retrotranslocation, despite its apparent ability to mediate that of other ERAD substrates.
Analysis of Dfm1 Features Important for Retrotranslocation
The Dfm1 derlin is a member of the rhomboid protease family (depicted in Figure 4A ). The derlins are missing key rhomboid catalytic residues and are called inactive rhomboids Figure 2. Dfm1 Is Required for In Vivo Hmg2-GFP Retrotranslocation (A) Dfm1 is involved in degradation of SUS-GFP. WT and dfm1D strains were grown to log phase and degradation was measured by CHX. After CHX addition, cells were lysed at the indicated times and analyzed by SDS-PAGE and immunoblotted for SUS-GFP with a-GFP.
(B) Dfm1 is involved in degradation of Hmg2-GFP. Same as (A), except CHXchase assay was performed on Hmg2-GFP. In (A) and (B), band intensities were normalized to PGK1 loading control and quantified by ImageJ. t = 0 was taken as 100% and data are represented as mean ± SEM from at least three experiments. (C) Dfm1 is required for retrotranslocation of SUS-GFP. Crude lysate was prepared from each strain and ultracentrifuged to discern ubiquitinated SUS-GFP that either has been retrotranslocated into the soluble fraction (S) or remained in the membrane (P). Following fractionation, SUS-GFP was immunoprecipitated from both fractions, resolved on 8% SDS-PAGE and immunoblotted with a-GFP and a-Ubi.
(D) Dfm1 is required for retrotranslocation of Hmg2-GFP. Same as (C), except in vivo retrotranslocation assay was performed on Hmg2-GFP. (E and F) Der1 and Sec61 are not involved in retrotranslocation of SUS-GFP (E) and Hmg2-GFP (F). Same as (C), except der1D and sec61-2 strains were grown to log phase and treated with vehicle or MG132 prior to in vivo retrotranslocation assay. (D) Dfm1 is involved in retrotranslocation of Ste6*. The indicated strains were grown to log phase and treated with MG132 (25 mg/mL). Crude lysate was prepared and ultracentrifuged to discern ubiquitinated Ste6*-GFP that either has been retrotranslocated into the soluble fraction (S) or remained in the membrane (P). Following fractionation, Ste6*-GFP was immunoprecipitated from both fractions, resolved on 8% SDS-PAGE and immunoblotted for ubiquitin and Ste6*-GFP. (E-G) Dfm1 is not involved in degradation of ERAD-L substrates. Same as (A)-(C), except CHX-chase assay was performed on the indicated ERAD-L substrates: CPY* (E), KHN (F), and KWW (G). (H) Dfm1 is involved in degradation of HRD1. Same as above, except CHX-chase assay was performed on Hrd1. (I) Dfm1 is involved in retrotranslocation of Hrd1 in vivo. Crude lysate was prepared from each strain and ultracentrifuged to discern ubiquitinated Hrd1-5xmyc that either has been retrotranslocated into the soluble fraction (S) or remained in the membrane fraction (P). Following fractionation, Hrd1-5xmyc was immunoprecipitated from both fractions, resolved on 8% SDS-PAGE and immunoblotted with a-Myc and a-Ubi. In (A)-(C), (E), and (H), band intensities were normalized to PGK1 loading control and quantified by ImageJ. t = 0 was taken as 100% and data are represented as mean ± SEM from at least three experiments. (Lemberg, 2013; Lemberg and Adrain, 2016) . These non-proteolytic rhomboids have a number of non-catalytic conserved residues important for rhomboid function. In addition, Dfm1 has a unique C-terminal cytoplasmic tail that contains SHP boxes that bind Cdc48 (Sato and Hampton, 2006) (Figure 4A ). This SHP motif is also present in mammalian Derlin 1, which functions in p97 binding and ERAD of several substrates Sun et al., 2006; You et al., 2017) . We next studied the Dfm1 features needed for integral membrane retrotranslocation through use of chimeras and sitedirected mutants.
Dfm1 SHP Box Was Required for Retrotranslocation
We first tested the Cdc48-binding SHP box for a role in Dfm1 function (Figure 4 ). Dfm1 recruitment of Cdc48 to the ER membrane was discerned with a direct assay of Cdc48 binding to microsomal membranes. The ubx2D null was also included since it has been reported that Ubx2 mediated Cdc48 recruitment to the ER membrane (Schuberth and Buchberger, 2005) . Lysates from dfm1D, ubx2D, and dfm1D ubx2D cells were centrifuged at 20,000 3 g to separate membrane pellet (P) from supernatant (S) ( Figure 4B ). Fractions were analyzed on SDS-PAGE and immunoblotted for Cdc48 and the cytoplasmic enzyme PGK1. In all strains, cytosolic PGK1 remained in the supernatant and no PGK1 associated with the microsomal pellet. In contrast, about 15% of total Cdc48 was associated with the microsome pellet. Nearly all Cdc48 bound to the microsome was absent in the dfm1D strain, with no effect on the total pool. Curiously, in this assay, the ubx2D null had no effect on Cdc48 binding, either alone or in combination with the dfm1D. Thus, it appears that [%]
[%]
Figure 4. Dfm1 SHP Box Is Required, but Not Sufficient for Retrotranslocation (A) Depiction of Dfm1, Der1, Dfm1-5Ashp, and Der1-Shp. Dfm1 and Der1 is an ER-localized membrane protein with six transmembrane domains . Unlike Der1, Dfm1 has an extended cytoplasmic tail containing two SHP boxes.
(B) Dfm1 is the major component for Cdc48 binding to the ER. Total cell lysate (T) from the indicated strains were separated into soluble cytosolic fraction (S) and pellet microsomal fraction (P) upon centrifugation at 14,000 3 g. Each fraction was analyzed by SDS-PAGE and immunoblotted for Cdc48 with a-CDC48 and PGK1 with a-PGK1.
(C) Stability of Dfm1 variants. Degradation of Dfm1, Dfm1-5Ashp, and Der1-Shp were measured by CHX-chase assay at the indicated times, cells were lysed, analyzed by SDS-PAGE and immunoblotted with a-HA.
(D) SHP box is sufficient for Cdc48 recruitment. Same as (B), except strains expressing variants of Dfm1 were used.
(E) Dfm1's SHP box is required for degradation of Hmg2-GFP. In the indicated strains, degradation of Hmg2-GFP was measured by CHX-chase assay. Cells were analyzed by SDS-PAGE and immunoblotted for Hmg2-GFP with a-GFP.
(F) In vivo retrotranslocation assay of Hmg2-GFP. After treatment with MG132, crude lysate was prepared from each strain and ultracentrifuged to discern ubiquitinated Hmg2-GFP that either has been retrotranslocated into the soluble fraction (S) or remained in the membrane (P). Following fractionation, Hmg2-GFP was immunoprecipitated from both fractions, resolved on 8% SDS-PAGE and immunoblotted with a-GFP and a-Ubi. In (B) and (D), the graph shows the quantification of Cdc48 in the pellet fractions of the respective cells as measured from ImageJ. Data are represented as percentage of Cdc48 that is bound to pellet fraction and is shown as mean ± SEM from three independent experiments. In (C) and (E), band intensities were normalized to PGK1 loading control and quantified by ImageJ. t = 0 was taken as 100% and data are represented as mean ± SEM from at least three experiments.
Dfm1 mediated Cdc48 recruitment to the ER surface, with no involvement of Ubx2. This was consistent with co-immunoprecipitation studies showing Ubx2 independence in the interaction of Dfm1 and Cdc48 (Stolz et al., 2010) . We then tested the Dfm1 SHP motif for a role in Cdc48 membrane recruitment, using variants of Dfm1 or Der1 (Figure 4A) . We employed HA-tagged versions of each protein tested. It had been noted that HA tagging can cause destabilization of these proteins (Stolz et al., 2010) , and it was clear that all of the proteins did undergo degradation ( Figure 4C ). However, identical steady-state levels of each were expressed in the strains used in our studies. Importantly, the HA-tagged Dfm1 fully complemented the dfm1D null in both Cdc48 recruitment ( Figure 4D ) and Hmg2-GFP degradation ( Figure 2B versus Figure 4E ), indicating no effect on function caused by this modification.
Alteration of the 5 signature residues of the Dfm1 SHP box to alanine (Dfm1-5Ashp) removed its ability to recruit Cdc48 ( Figures 4A and 4D) . Conversely, addition of the Dfm1 SHP motif to the normally SHP-less Der1 made this chimera able to promote Cdc48 recruitment comparable to Dfm1 ( Figure 4D ). These results indicated that the Dfm1 SHP box was necessary and sufficient for Cdc48 binding, at least when part of a derlin. We then tested these SHP variants for ERAD of Hmg2-GFP. Neither the Der1-SHP chimera that recruited Cdc48 nor the Dfm1-5Ashp mutant, which failed to recruit Cdc48, could support Hmg2-GFP ERAD ( Figure 4E ) or retrotranslocation ( Figure 4F ). Thus, the SHP box, and presumably Cdc48 recruitment to the ER membrane, is necessary but not sufficient for Dfm1's role in retrotranslocation.
Dfm1 WR and GxxxG Rhomboid Motifs Were Required for ERAD-M Along with the unique SHP motifs, Dfm1 has rhomboid homologies. These include the highly conserved WR motif in the first cytoplasmic loop and a GxxxG motif in the sixth membrane span ( Figure 5A (C) Dfm1-AA and Dfm1-Ax3A recruit Cdc48 to microsomes. Cell lysate (T) from the indicated strains were separated into soluble cytosolic fraction (S) and pellet microsomal fraction (P) upon centrifugation at 14,000 3 g. Each fraction was analyzed by SDS-PAGE and immunoblotted for Cdc48 with a-CDC48 and PGK1 with a-PGK1. The graph shows the quantification of Cdc48 in the pellet fractions of the respective cells as measured from ImageJ. Data are represented as percentage of Cdc48 that is bound to pellet fraction and is shown as mean ± SEM from three independent experiments. (D) Dfm1's WR and GxxxG motif is required for degradation of Hmg2-GFP. In the indicated strains, degradation of Hmg2-GFP was measured by CHX-chase assay. Cells were analyzed by SDS-PAGE and immunoblotted for Hmg2-GFP with a-GFP.
(E) In vivo retrotranslocation assay of Hmg2-GFP. After treatment with MG132, crude lysate was prepared from each strain and ultracentrifuged to discern ubiquitinated Hmg2-GFP that either has been retrotranslocated into the soluble fraction (S) or remained in the membrane (P). Following fractionation, Hmg2-GFP was immunoprecipitated from both fractions, resolved on 8% SDS-PAGE and immunoblotted with a-GFP and a-Ubi. In (B) and (D), band intensities were normalized to PGK1 loading control and quantified by ImageJ. t = 0 was taken as 100% and data are represented as mean ± SEM from at least three experiments.
2011). We created two mutants, Dfm1-AA and the Dfm1-Ax 3 A mutants, in which the conserved residues in the WR or the GxxxG motif were mutated to alanine ( Figure 5A ). The AA mutation had the same stability as the HA-tagged WT protein, while the Ax 3 A mutant was more rapidly degraded ( Figure 5B ). Nevertheless, the steady-state levels of each mutant supported normal Cdc48 ER recruitment, and so they appear to be at functionally effective levels at least for this action. Despite this, neither mutant could support Hmg2-GFP ERAD ( Figure 5D ) or retrotranslocation ( Figure 5E ). These results imply that additional functions are provided by the rhomboid motifs in Dfm1-mediated retrotranslocation.
Rapid Suppression of dfm1D
The above studies show a strong and broad role for Dfm1 in ERAD-M. While exciting, this result was also initially perplexing. We and others had previously reported that Dfm1 had no role in ERAD (Goder et al., 2008; Sato and Hampton, 2006) , while other investigators had observed a more specific involvement of Dfm1 in the DOA pathway (Stolz et al., 2010) or in degradation of noncanonical ERAD-R (ERAD regulatory) substrate Zrt1 (Avci et al., 2014) . The strains we used in our earlier negative studies were the same background used herein, and the frozen stocks were reconfirmed to have the dfm1D allele and normal ERAD-M. Accordingly, we set out to resolve this conundrum. The results explain the discrepancy, suggest some intriguing ideas about ER retrotranslocation, and emphasize an important caveat in the study of null phenotypes. Alerted to the possibilities of rapid suppression of null mutations recently described (Ryu et al., 2016; Szamecz et al., 2014; Teng et al., 2013) , we explored suppression as a cause for the dichotomous results. We reasoned that the dfm1D null (B) SUS-GFP is degraded to WT levels in dfm1D suppressed cells. Degradation of SUS-GFP was measured by CHX-chase assay in WT, dfm1D P0 and dfm1D P11 cells. After CHX addition, cells were lysed at the indicated times, analyzed by SDS-PAGE and immunoblotted for SUS-GFP with a-GFP.
(C) Hmg2-GFP is degraded to WT levels in dfm1D suppressed cells. Same as (B) except degradation of Hmg2-GFP was measured by CHX-chase assay in WT, dfm1D P0 and dfm1D P9 cells.
(D) In vivo Hmg2-GFP retrotranslocation completely restored dfm1D suppressed cells. Crude lysate was prepared from the indicated strains treated with vehicle or MG132 (25 mg/mL). Lysates were ultracentrifuged to discern ubiquitinated Hmg2-GFP that either has been retrotranslocated into the soluble fraction (S) or remained in the membrane (P). Following fractionation, Hmg2-GFP was immunoprecipitated from both fractions, resolved on 8% SDS-PAGE and immunoblotted with a-GFP and a-Ubi.
(E) Cdc48 recruitment to microsomes is restored in dfm1D suppressed cells. Total cell lysate (T) from the indicated strains were separated into soluble cytosolic fraction (S) and pellet microsomal fraction (P) upon centrifugation at 14,000 3 g. Each fraction was analyzed by SDS-PAGE and immunoblotted for Cdc48 with a-CDC48 and PGK1 with a-PGK1. The graph shows the quantification of Cdc48 in the pellet fractions of the respective cells as measured from ImageJ. Data are represented as percentage of Cdc48 that is bound to pellet fraction and is shown as mean ± SEM from three independent experiments. (F) ChrXV duplication is substrate induced upon loss of Dfm1. Chromosome profiles of whole genome sequencing data mapped across ChrXV. Genomic levels through entire ChrXV are twice as high in suppressed dfm1D cells expressing Hmg2-GFP or SUS-GFP with respect to dfm1D cells containing empty vector.
(G) Hrd1 levels are upregulated in dfm1D suppressees. Degradation of Hrd1-5xmyc was measured by CHX-chase assay in dfm1D P0 and dfm1D P11 overexpressing Hmg2-GFP. After CHX addition, cells were lysed at the indicated times, analyzed by SDS-PAGE and immunoblotted for Hrd1 with a-Myc and Hmg2 with a-GFP.
(H) The indicated strains overexpressing SUS-GFP were passaged to suppression.
might be susceptible to rapid suppression, leading to phenotypic masking of dfm1Ds ERAD defect during normal strain curation. We developed a simple suppression assay to test this idea. We used a freshly generated dfm1D strain expressing SUS-GFP; the null strain was bright compared to a WT strain (mean fluorescence 23 K versus 1.5 K in WT), due to strong SUS-GFP stabilization ( Figure 6A ). To test for suppression, a culture of the bright dfm1D SUS-GFP starting strain (passage 0 [P0]) was repeatedly passaged into fresh minimal medium followed by growth to saturation (24 hr). Remarkably, dark cells emerged rapidly: by the fourth passage (P4), approximately half of the cells were comparable to WT in mean fluorescence while the other half remained bright ( Figure 6A, P4) . By P11 the culture population was entirely composed of dark cells, with a histogram identical to that of WT strain ( Figure 6A, P11 ). This suppression of ERAD is not typical: a phenotypically and optically identical cdc48-2 strain maintained the same brightness as initially observed after many passages ( Figure 6A , cdc48-2). Rapid suppression was also observed when Hmg2-GFP was the substrate expressed in the dfm1D strain: complete suppression was observed by passage nine (P9) ( Figure S1A ). Again, suppression was not a typical observation for ERAD-deficient strains. ERADdeficient strains expressing Hmg2-GFP but lacking the E3 ligase Hrd1 remained bright and did not generate suppressors over time ( Figure S1A, hrd1D) . Thus, the suppression appeared to be a specific property of dfm1D; no other strongly ERAD-deficient strain has so far shown this proclivity. Because of the speed of occurrence, suppressors can easily be accumulated during the course of normal strain maintenance. In fact, we demonstrate this in fact occurred in our own strains from our earlier work (see below). We tested the dark suppressees for restoration of ERAD-M and retrotranslocation. We compared the degradation rate of SUS-GFP degradation in suppressed (P11) versus non-suppressed (P0) cultures of dfm1D. Cycloheximide chase assays on dfm1D P0 showed full stabilization of SUS-GFP degradation, while in P11 suppressed dfm1D cells, SUS-GFP was rapidly degraded, showing a return to the characteristic low WT levels of this rapidly degraded substrate ( Figure 6B) ; note that observing the 0 time point of SUS-GFP in the WT or P11 dfm1D required over-exposure of the blots ( Figure 6B , lower panel). Similarly, Hmg2-GFP degradation was restored to WT rates in suppressed P9 dfm1D cultures ( Figure 6C ). We next tested suppressed dfm1D strains for restored Hmg2-GFP retrotranslocation. Non-passaged dfm1D P0 showed the typical buildup of ubiquitinated Hmg2-GFP in the pellet fraction in both untreated and MG132-treated cells ( Figure 6D, lanes 1  and 3) . In striking contrast, suppressed P11 dfm1D cells showed normal Hmg2-GFP retrotranslocation that was enhanced by MG132 ( Figure 6D, lanes 5-8) . The P11 dfm1D suppressees also showed fully restored Cdc48 recruitment to the microsome ( Figure 6E ). Finally, degradation and retrotranslocation of DOA pathway substrate Ste6*-GFP were also completely restored in suppressees ( Figures S1B and  S1C) . Thus, by all criteria examined, the rapid suppression of dfm1D was complete, in terms of substrate degradation, Cdc48 recruitment, restored retrotranslocation, and substrate range.
Acquired Specific Aneuploidy Underlies dfm1D Suppression
The rapid suppression of the dfm1D led us to wonder if some type of DNA amplification was involved. Accordingly, we subjected suppressed and control strains to whole-genome sequencing to examine the entire genome for regions of amplification. We included a passaged dfm1D strain containing empty vector and a dfm1D strain expressing SUS-GFP or Hmg2-GFP that had been passaged to suppression. The suppressed strains showed a complete duplication of chromosome XV (Figure 6F as indicated; Figure S2A ). Moreover, Ste6*-GFP-expressing strain that had been passaged to suppression showed the same duplication of chromosome XV ( Figure S1D ). We performed the same analysis on our frozen dfm1D strain stocks from the 2006 report that showed WT Hmg2-GFP degradation (Sato and Hampton, 2006) , and they also had a full duplication of chromosome XV ( Figures  6F and S2A) . Importantly, strains that were passaged with dfm1D but had no substrate-expressing plasmid did not duplicate any chromosome, indicating the combination of an expressed ERAD-M substrate and the presence of the dfm1D mutation imposes a stress that may promote selection of the suppressed state. We confirmed this need for strong substrate expression by using a GAL1 galactose-driven promoter to compare the effects of the presence and absence of Hmg2-GFP during a passaging experiment ( Figure S1E) . A dfm1D strain bearing a plasmid with Hmg2-GFP expressed from the strong, galactose-inducible GAL1 promoter was passaged either in glucose (promoter off) or minimal medium with galactose (promoter on). As expected from the above experiments, the brightness of the strain passaged in galactose, where the Hmg2-GFP is strongly expressed, rapidly declined in brightness and recovered Hmg2-GFP degradation due to suppression ( Figure S1E ). In contrast, when the uninduced, glucose-passaged cultures were subsequently placed in galactose after multiple passages to assess the dfm1D phenotype, the Hmg2-GFP was stable and the stains remained as bright as the P0 cultures even after 9 passages with the Hmg2-GFP promoter off ( Figure S1E) . Thus, the suppression of dfm1D required strong ERAD-M substrate expression during passage.
Genes Required for dfm1D Suppression
To better understand the mechanisms at play, we tested several genes for involvement in dfm1D suppression ( Figures  6H and S3A ), using the passaging-based suppression assay to evaluate which genes were required for restoration of ERAD and retrotranslocation in the dfm1D null. We first tested Der1, Dfm1's homolog, and we found Der1 was dispensable for dfm1D suppression ( Figures 6H and S3A) . Because suppressees also showed full restoration of Cdc48 binding to the ER (Figure 6E ), we tested the importance of Ubx2 in dfm1D suppression since it had been implicated in Cdc48 recruitment to the ER membrane (Schuberth and Buchberger, 2005) . Although we failed to see a role of Ubx2 in normal Cdc48 recruitment, it might have an ancillary role in suppression. Nevertheless, Ubx2 was not required for suppression, since the dfm1D ubx2D double null showed full restoration of SUS-GFP degradation and Cdc48 recruitment after passaging ( Figures 6H and S3B ).
Hrd1 has a mulitspanning membrane domain that can serve as retrotranslocon for lumenal substrates (Baldridge and Rapoport, 2016; Sato et al., 2009; Stein et al., 2014 ). Thus, we tested if Hrd1 played a role in suppression of the dfm1D null mutation, and we found this to be the case. In striking contrast to dfm1D, the dfm1Dhrd1D double null never underwent growth-dependent suppression: even after nine passages, the double null remained bright (Figures 6H and S3A ). This result is intriguing because Hrd1 is located on chromosome XV, which was duplicated during suppression of dfm1D, suggesting that elevation of Hrd1 creates an alternate route of retrotranslocation for ERAD-M substrates. In fact, we found that when Hrd1 was present on an autonomous ARS/CEN plasmid and expressed from its native promoter, suppression of dfm1D still occurred, but chromosome XV was no longer duplicated ( Figure S2B ). Thus, it appears that the ability to suppress dfm1D required only elevated Hrd1, and that the duplication of chromosome XV is the most rapid way to achieve an increase in Hrd1 when expressed from its native locus. Importantly, it seems that simple duplication of Hrd1 was not sufficient to suppress the dfm1D null. dfm1D strains with an ARS/CEN expressing the native Hrd1 gene still required passaging of the strains (Figure S3A ), even though Hrd1 was then duplicated (one copy on the plasmid, one on the chromosome), indicating that either other factors or Hrd1 itself must be further induced for suppression. Consistent with this idea, we tested the levels of Hrd1 in normal and suppressed dfm1D strains using a 5myc-tagged Hrd1 expressed from the normal chromosomal locus. Suppression occurred with the same kinetics as strains expressing untagged Hrd1, and Myc blotting indicated that the Hrd1-5myc levels were elevated 5-fold above WT in the suppressed strain, indicating that Hrd1-dependent suppression was more complex than simply doubling the normally expressed locus ( Figure 6G ).
These suppression tests indicated that Hrd1 might function in ERAD-M retrotranslocation, although normally ERAD-M and ERAD-L retrotranslocation occur by separate routes. Recent elegant studies from the Rapoport group show that Hrd1 can catalyze ERAD-L substrate movement across a bilayer in vitro (Baldridge and Rapoport, 2016) . This Hrd1-mediated retrotranslocation requires autoubiquitination of Hrd1 lysine residues. The authors scanned the Hrd1 cytoplasmic domain for lysines important in retrotranslocation, dividing the Hrd1 into three regions: lysines N-terminal to the RING domain (Kxx), lysines within the RING domain (xKx), and lysines C-terminal to the RING domain (xxK). The Ks in each region were converted en bloc to R, and the resulting Hrd1 mutants were tested for retrotranslocation. In that work, conversion of all lysines in the middle RING group to R was annotated Hrd1-KRK and conversion of all lysines N-terminal and C-terminal to the RING group to R was annotated Hrd1-RKR ( Figure S4A ). The analysis showed that the RING domain lysines were uniquely important for Hrd1-mediated retrotranslocation, while the flanking lysines were not: the Hrd1-RKR mutant supports ERAD-L, while neither Hrd1-KRK, nor any other variant with the middle RING Ks changed to R (xRx), support ERAD-L.
In fact, Hrd1 with only three RING region Ks modified, Hrd1 K(373, 387, 407)R, was also unable to support ERAD-L. (Baldridge and Rapoport, 2016) . Because we could observe Hrd1-dependent suppression of dfm1D in strains harboring Hrd1 on an ARS/CEN plasmid, we were able to test those K-to-R Hrd1 mutants for their ability to restore ERAD-M to dfm1D. ARS/CEN-expressed Hrd1, and the variants Hrd1-RKR, Hrd1-KRK, or WT Hrd1-KKK, were each introduced into dfm1Dhrd1D strains expressing SUS-GFP, and subjected to the passaging suppression assay (Figures 6H and S4B) . Interestingly, while our own Hrd1 plasmid, and the provided WT Hrd1-KKK plasmids supported dfm1D suppression, neither of the Hrd1 variants, including the ERAD-L competent Hrd1-RKR, allowed dfm1D suppression. We confirmed that in our strain background, CPY* degradation showed the appropriate response to the Baldridge Hrd1 mutants: Hrd1-KRK did not support CPY* degradation, but Hrd1-RKR and Hrd1-KKK did ( Figure S4C ). Thus, if Hrd1 is indeed mediating retrotranslocation of ERAD-M substrates in the suppressed dfm1D strains, the mechanistic details might be distinct from those involved in ERAD-L. Nevertheless, it is intriguing that the suppressed retrotranslocation phenotype is sensitive to alterations of Hrd1 cytoplasmic lysines.
DISCUSSION
These studies revealed the derlin Dfm1 to be a key participant in ERAD-M retrotranslocation. Both HRD and DOA pathway integral membrane substrates showed complete dependence on Dfm1 for extraction from the ER membrane, but the dfm1D null had no effect on any ERAD-L substrate tested (Figure 7 ). This specificity extended to Hrd1 itself. In conditions where Hrd1 undergoes rapid self-degradation, it too showed a complete dependence on Dfm1 for ERAD and retrotranslocation. This is particularly interesting because Hrd1 has been strongly implicated as an ERAD-L retrotranslocation channel (Baldridge and Rapoport, 2016) . Nevertheless, Hrd1 still required outside assistance in ER exit when it is a substrate. Perhaps in order for Hrd1 to serve in this capacity catalytically, it may be useful that Hrd1 is normally unable to bring about its own exit from the ER membrane.
Dfm1 has homology to both other derlins and rhomboid superfamily members, and a unique C-terminal motif known as a SHP box that allows interaction with Cdc48 Sato and Hampton, 2006) . We showed that the binding of Cdc48 to ER microsomes was principally mediated by Dfm1 and required intact SHP motifs. However, recruitment of Cdc48 was not sufficient for ERAD-M retrotranslocation. Addition of the SHP box to Dfm1's homolog Der1 produced a chimera that restored WT recruitment of Cdc48 to the dfm1D null but not ERAD-M. Similarly, the Dfm1 variants with altered rhomboid GxxxG or WR motifs showed normal Cdc48 recruitment, but also did not support ERAD-M.
In our hands, Cdc48 recruitment to the ER surface relied entirely on Dfm1. This was surprising in light of reports that Cdc48-binding factor Ubx2 was described as having this function (Neuber et al., 2005; Schuberth and Buchberger, 2005) . In the assay we employed, we found no contribution of Ubx2 to Cdc48 recruitment under any circumstances. It is possible that Cdc48 recruitment can be attained through a number of mechanisms; this is clearly the case in the suppressed dfm1D null cells, which have restored Cdc48 binding but no Dfm1. However, even in the suppressed dfm1D-null strains, Ubx2 was still not required for the restored binding of Cdc48 to the ER membrane ( Figure S3B ).
Dfm1 shares homology with the superfamily of rhomboid proteases, but it lacks key residues for proteolysis (Lemberg and Adrain, 2016) . The two principle rhomboid sequences in Dfm1, WR and GxxxG were each required for Dfm1-mediated retrotranslocation of ERAD-M substrates, yet each inactive rhomboid fully retained its ability to mediate Cdc48 recruitment to the ER surface, indicating that the conserved rhomboid residues function in a different aspect of retrotranslocation. Rhomboid proteases typically cleave their substrates within the lipid bilayer. Perhaps the Dfm1 inactive rhomboid has retained membrane-perturbing properties used by the authentic proteases that are now used for channeling or moving substrates during retrotranslocation, as has been suggested . Other mammalian rhomboid pseudoproteases, UBAC2 and Derlin-1, have been implicated for involvement in ERAD as well (Christianson et al., 2011; Greenblatt et al., 2011) . In fact, the closest mammalian protein to Dfm1, RHBDL4, is an ER-resident membrane protein required for ERAD of a variety of mammalian substrates. RHBDL4 similarly requires its rhomboid identities to function in ERAD (Fleig et al., 2012) . However, unlike Dfm1, RHBDL4 is an active rhomboid protease, and appears to require its proteolytic activity to function in ERAD. Thus, the details of how rhomboids participate in ERAD may vary in detail depending on the specific member and the presence or absence of protease activity. The ease of study and the breadth of Dfm1's role in ERAD will allow us to unveil mechanistic features of this widely represented superfamily in ERAD and perhaps other functions mediated by these proteins.
Our functional studies suggest a model of at least two coordinated functions of Dfm1 in retrotranslocation. Through its SHP The derlin Dfm1 is a key participant in ERAD-M retrotranslocation of both HRD and DOA pathway integral membrane substrates, whereas the E3 ligase Hrd1 is the main retrotranslocon for ERAD-L substrates (Baldridge and Rapoport, 2016) . Moreover, dfm1D null suppression reveals an ancillary Dfm1-independent retrotranslocation route for integral membrane substrates, which is mediated by Hrd1. box, Dfm1 mediates Cdc48 recruitment to the ER surface and this activity appears to be tightly correlated with successful retrotranslocation. In addition, the Dfm1 rhomboid sequences function in a manner distinct from Cdc48 binding. Our recent studies on retrotranslocated ERAD-M substrates show that Cdc48 is required for the initial passage of ERAD-M substrates across the ER membrane (Neal et al., 2017) , implying that the ATPase activity and the Dfm1 transmembrane domain execute the movement and energetics of ERAD-M retrotranslocation in a highly coordinated manner. It will be important to directly evaluate Dfm1's ability to catalyzed movement of ERAD-M substrates across the lipid bilayer.
We were initially surprised and concerned when these studies showed Dfm1 to be required for ERAD-M retrotranslocation, since we had previously ruled out Dfm1 in our tests of candidates (Sato and Hampton, 2006) . We resolved this discrepancy by showing that passage of dfm1D nulls strongly expressing ERAD-M substrates underwent rapid and complete suppression of the original ERAD and retrotranslocation defects. Suppression of dfm1D nulls was remarkably rapid, typically coming to completion within nine passages of a liquid culture. Suppression occurred though a duplication of chromosome XV, and analysis of the stocks of dfm1D null expressing Hmg2-GFP strains used in our early studies had the same complete duplication of chromosome XV. This suppression was highly atypical; no other ERAD mutants tested, including nulls in the HRD ligase components, or associated E2s, or strongly ERAD-deficient cdc48-2 mutants showed any tendency for suppression even upon many passages with strongly expressed Hmg2-GFP or other substrates.
Rapid suppression of dfm1D absolutely required the presence of strongly expressed ERAD-M substrates. A number of substrates have been tested, including Hmg2-GFP, Ste6*, SUS-GFP, or Sec61-2 (Figure 3) , as well as 6myc-Hmg2 (data not shown), and the presence of any substrate expressed from the strong TDH3 promoter resulted in rapid suppression of dfm1D. Identical passage of dfm1D without a strongly expressed substrate did not result in suppression; this was best demonstrated by using a dfm1D strain with a plasmid that allowed galactose-driven expression of Hmg2-GFP. Growth of this strain in non-inducing conditions even for many passages had no effect on the dfm1D dependent stability of Hmg2-GFP ( Figure S1E ). Conversely, passage of the identical strain in galactose, where Hmg2-GFP was strongly induced, lead to the expected rapid resumption of normal Hmg2-GFP degradation through suppression of dfm1D. Thus, production of a dfm1D null in an otherwise WT strain, followed by introduction of a substrate-expressing plasmid allows facile observation of the strong ERAD-M defect. However, curation of dfm1D strains with a constitutively expressing substrate plasmid would be expected to rapidly bring about the now-understood suppression, as appears to have occurred in our earlier studies (Sato and Hampton, 2006) . This feature also explains why the SPOCK array allowed discovery of the dfm1D phenotype: the array mating used to place the integrated SUS-GFP expression plasmid into each candidate null proceeds such that substrate plasmid is first present in a heterozygous diploid with the null mutant of interest; robotic sporulation and selection for haploids occurs only at the end of the mating series, allowing expression of SUS-GFP in the presence of dfm1D without a protracted and suppressive growth period.
The ability to reproducibly observe dfm1D suppression also allowed us to study this process. In testing candidate genes, we found that Hrd1 was absolutely required for suppression of dfm1D. Appropriately, Hrd1 is found on chromosome XV, which was duplicated in dfm1D suppressees. Hrd1 appears to be the only chromosome XV gene that requires increased gene dosage to suppress dfm1D since providing Hrd1 on an ARS/CEN plasmid, which can stably exist in cells in varying copy numbers, allows suppression that no longer results in duplication of chromosome XV. Intriguingly, although chromosome XV is only duplicated in the suppressees, Hrd1 levels were elevated about 5-fold after suppression. This implies that there is upregulation of Hrd1 expression that occurs when the combination of elevated ERAD-M substrates and dfm1D are present. This will be an intriguing and fruitful avenue of future investigation. It is important to note that observing this ancillary Hrd1 ERAD-M retrotranslocation function was made possible by use of the self-ubiquitinating SUS-GFP substrate, since normal ERAD-M substrates require Hrd1 for both ubiquitination as well as possible extraction functions, obviating unambiguous study of the retrotranslocation functions of this E3 ligase.
Recent elegant work from the Rapoport group has shown that Hrd1 can catalyze reconstituted retrotranslocation of ERAD-L substrates through a mechanism that involves selfubiquitination of specific Hrd1 lysine residues (Baldridge and Rapoport, 2016) . This raises the interesting possibility that Hrd1 can be repurposed to perform ERAD-M retrotranslocation when Dfm1 is missing. In that work, specific K to R mutants of Hrd1 (xRx group) were shown to be deficient in the reconstituted ERAD-L function, and in vivo ERAD-L, whereas other K to R mutants (xKx groups) were without effect on Hrd1's ERAD-L channeling function. In contrast, we found that none of the K to R mutants from that study could support dfm1D suppression, so the detailed rules of suppression are at least somewhat different from those that operate in Hrd1-mediated ERAD-L. Nevertheless, the connection to Hrd1 is compelling.
Very recently, this same group has shown that Hrd1's structure by cryo EM appears to be that of a transmembrane channel (Schoebel et al., 2017) , and perhaps this explains Hrd1's abilities as an ancillary ERAD-M translocon. In contrast, structural modeling of Dfm1 indicates that it has a ''rhomboid fold'' without the expected structural features of a channel Lemberg and Adrain, 2016) . This may mean that that Dfm1 can catalyze membrane substrate extraction in a distinct and perhaps entirely novel manner from a classic peptide pore. This will be an important and revealing issue for future studies.
It has been suggested that retrotranslocation's recalcitrance to genetic discovery may be due to an ''Escape from New York'' effect, referring to the idea that there are several completely distinct ways to exit New York City that all provide the same outcome (Hampton and Sommer, 2012) . The genetic analogy is that perhaps analogous but non-homologous factors, as distinct in features as the Holland Tunnel and the George Washington Bridge, play redundant roles in retrotranslocation, making genetic analysis difficult. And indeed, this may be the case with Hrd1's ability to suppress the retrotranslocation function of the entirely distinct Dfm1. Nevertheless, in normal circumstances, it appears that Dfm1 is the principle route for both HRD and DOA pathway integral membrane substrates to escape from the ER membrane.
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DECLARATION OF INTERESTS METHOD DETAILS
Yeast and Bacteria Growth Media Standard yeast Saccharomyces cerevisiae growth media were used as previously described (Hampton and Rine, 1994) , including yeast extract-peptone-dextrose (YPD) medium and ammonia-based synthetic complete dextrose (SC) and ammonia-based synthetic minimal dextrose (SD) medium supplemented with 2% dextrose and amino acids to enable growth of auxotrophic strains at 30 C. Escherichia coli DH5 were grown in standard LB media with ampicillin at 37 C as previously described (Gardner et al., 1998) .
Plasmids and Strains
Plasmids used in this study are listed in Table S1 . Plasmids for this work were generated using standard molecular biological techniques as previously described (Sato et al., 2009 ) and verified by sequencing (Eton Bioscience). Primer information is available upon request. The KHN (pRH1958), KWW (pRH1960) and CPY* (pRH1377) plasmids were a gift from Davis Ng (National University of Singapore, Singapore). The Ste6* plasmid (pRH2058) was a gift from S. Michaelis (Johns Hopkins School of Medicine, MD). The Pdr5* plasmid was a gift from Dieter H. Wolf (University of Stuttgart, Stuttgart, Germany). The Hrd1, Hrd1-RKR, Hrd1-KRK, Hrd1 K(373, 387, 404)R plasmids were a gift from T. Rapoport (Harvard Medical School). A complete list of yeast strains and their corresponding genotypes are listed in Table S2 . All strains used in this work were derived from S288C or Resgen. The Y7092 query strain was a gift from Carla Koehler (University of CA, Los Angeles, CA). Yeast strains were transformed with DNA or PCR fragments using the standard LiOAc method (Ito et al., 1983) . Null alleles were generated by using PCR to amplify a selection marker flanked by 50 base pairs of the 5 0 and 3 0 regions, which are immediately adjacent to the coding region of the gene to be deleted. The selectable markers used for making null alleles were genes encoding resistance to G418 or CloNat/ nourseothricin. After transformation, strains with drug markers were plated onto YPD followed by replica-plating onto YPD plates containing (500 mg/mL G418 or 200 mg/mL nourseothricin). All gene deletions were confirmed by PCR.
For construction of the SUS-GFP query strain for Synthetic Genetic Array (SGA) analysis, the TRP1 coding region was replaced in situ with the fusion coding region for TDH3 pro -SUS-GFP-PGK1 term by homologous recombination with two cotransformed PCR products. These products were amplified from plasmid pRH2900, which contains TDH3 pro -SUS-GFP-PGK1 term . The first PCR product consisted of the 5 0 flanking region of the TRP locus, the TDH3 pro -SUS-GFP-PGK1 term region, and the 5 0 promoter region of URA3. The second PCR product consisted of the complete URA3 coding region followed by the 3 0 flanking region of the TRP1 locus. Co-transformation of a native yeast strain with both products resulted in replacement of the TRP1 coding region with that of TDH3 pro -SUS-GFP-PGK1 term , followed by the URA3 marker allowing selection for successful replacement. Cotransformed cells were selected for growth on SC-Ura plates, confirmed by PCR and tested by immunoblotting for SUS-GFP. Primer sequences are available upon request.
dfm1D strain handling
To observe the phenotypic effect of dfm1D null strains, freshly transformed dfm1D null cells with the respective ERAD-M substrates was used in every assay.
Protease Protection Assay
Protease protection assay was adapted and modified from (Gardner et al., 2000) . Cells expressing SUS and SUS-GFP were grown to log-phase (OD 600 0.2-0.3) and 30 ODs of cells were pelleted. Cells were resuspended in H 2 0, centrifuged and lysed with the addition of 0.5 mM glass beads and 400 mL of diluted XL buffer (.24 M sorbitol, 1 mM EDTA, 20 mM KH 2 PO 4 , final pH 7.5) with protease inhibitors (PIs) followed by vortexing in 1 min intervals for 6-8 min at 4 C. Lysates were combined and clarified by 5 s pulses at 16,000 x g in 1.5 mL eppendorf tubes until no pellet was formed (typically 4 pulses required). The resulting clarified supernatant was pelleted for 5 min at 14,000 x g at 4 C. The supernatant was aspirated, and the microsome pellet overlaid with fresh XL buffer followed by a spin at 14,000 x g at 4 C to ensure pellet cohesion. Microsomes were resuspended in XL buffer (1.2 M sorbitol, 5 mM EDTA, 0.1 M KH 2 PO 4 , final pH 7.5) and incubated with 100 mg/mL trypsin (Sigma) for 0, 2, 5,15 and 30 min. An equal volume of 2x USB buffer was added to stop the reactions. The samples were analyzed on SDS-PAGE and immunoblotted for SUS-GFP with a-Myc and a-HA.
In Vivo Retrotranslocation Assay in vivo retrotranslocation assay was adapted and modified from (Jarosch et al., 2002) . Cells in log phase (OD 600 0.2-0.3) were treated with MG132 (benzyloxycarbonyl-Leu-Leu-aldehyde, Sigma) at a final concentration of 25 mg/mL (25 mg/mL stock dissolved in DMSO) for 2 hr at 30 C and GGPP (Geranylgeranyl pyrophosphate ammonium salt, Sigma) at a final concentration of 11 mM for 1 hr at 30 C and 15 ODs of cells were pelleted. Cells were resuspended in H 2 0, centrifuged and lysed with the addition of 0.5 mM glass beads and 400 mL of XL buffer (1.2 M sorbitol, 5 mM EDTA, 0.1 M KH 2 PO 4 , final pH 7.5) with PIs, followed by vortexing in 1 min intervals for 6-8 min at 4 C. Lysates were combined and clarified by centrifugation at 2,500 g for 5 min. Clarified lysate was ultracentrifuged at 100,000 g for 15 min to separate pellet (P100) and supernatant fraction (S100). P100 pellet was resuspended in 200 mL SUME (1% SDS, 8 M Urea, 10 mM MOPS, pH 6.8, 10 mM EDTA) with PIs and 5 mM N-ethyl maleimide (NEM, Sigma) followed by addition of 600 mL immunoprecipitation buffer (IPB) with PIs and NEM. S100 supernatant was added directly to IPB with PIs and NEM. 15 mL of rabbit polyclonal anti-GFP antisera (C. Zuker, University of California, San Diego) was added to P100 and S100 fractions for immunoprecipitation (IP) of Hmg2-GFP. Samples were incubated on ice for 5 min, clarified at 14,000 g for 5 min and removed to a new eppendorf tube and incubated overnight at 4 C. 100 mL of equilibrated Protein A-Sepharose in IPB (50% w/v) (Amersham Biosciences) was added and incubated for 2 h at 4 C. Proteins A beads were washed twice with IPB and washed once more with IP wash buffer (50 mM NaCl, 10 mM Tris), aspirated to dryness, resuspended in 2x Urea sample buffer (8 M urea, 4% SDS, 1mM DTT, 125 mM Tris, pH 6.8), and incubated at 55 C for 10 min. IPs were resolved by 8% SDS-PAGE, transferred to nitrocellulose, and immunoblotted with monoclonal anti-ubiquitin (Fred Hutchinson Cancer Center, Seattle) and anti-GFP (Clontech, Mountain View, CA). Goat anti-mouse (Jackson ImmunoResearch, West Grove, PA) and goat anti-rabbit (Bio-Rad) conjugated with horseradish peroxidase (HRP) recognized the primary antibodies. Western Lightning Plus (Perkin Elmer, Watham, MA) chemiluminescence reagents were used for immunodetection.
Proteolytic Removal of Ubiquitin from Retrotranslocated Hmg2-GFP Ubiquitin removal was accomplished with the broadly active Usp2 ubiquitin protease as previously described (Garza et al., 2009b) , except that human recombinant Usp2Core (LifeSensors, Malvern, PA) was used, and leupeptin and NEM were excluded from all buffers. Briefly, 100 mL of S100 supernatant containing in vivo retrotranslocated Hmg2-GFP was incubated with 20 mL of Usp2Core (5 mg) for 1 hr at 37 C. The reaction was quenched with 200 mL of SUME (1% SDS, 8 M Urea, 10 mM MOPS, pH 6.8, 10 mM EDTA) with PIs and retrotranslocated Hmg2-GFP was immunoprecipitated as described above. 20 mL of IP was used for detection of Hmg2-GFP with a -GFP.
Cycloheximide-Chase Assay
Cycloheximide chase assays were performed as previously described (Sato et al., 2009) . Cells were grown to log-phase (OD 600 0.2-.03) and cycloheximide was added to a final concentration of 50 mg/mL. At each time point, a constant volume of culture was removed and lysed. Lysis was initiated with addition of 100 mL SUME with PIs and glass beads, followed by vortexing for 4 min. 100 mL of 2xUSB was added followed by incubation at 55 C for 10 min. Samples were clarified by centrifugation and analyzed by SDS-PAGE and immunoblotting.
High-throughput Retrotranslocation Factor Screen
The SUS-GFP query strain was crossed with the SPOCK collection, consisting of 5,808 yeast non-essential null and essential DaMP gene mutants (Jaeger et al., 2018) . All library manipulations including selection of diploids, sporulation, and selection of haploids were done using standard EMAP technology (Collins et al., 2010 ) using a RoToR pinning robot (Singer Instruments, Taunton, UK) and Uracil and G418 selection. Once SUS-GFP was introduced into every yeast viable null and hypomorphic allele, the yeast array was grown for 24 hr at 30 C. The resulting array was then transferred to liquid YPD media (50 mL/well) using the RoToR. After further incubation at 30 C for 2 days, we analyzed SUS-GFP stabilization with an LSR Fortessa with High Throughput Sampler (BD Biosciences, San Jose) set to collect 10,000 events per sample. GFP and autofluorescence were excited at 488 nm and 405 nm respectively and detected with 510/25 and 450/50 bandpass filters. Data were analyzed in FlowJo version 9. GFP+ events were gated by plotting autofluorescence versus GFP fluorescence.
Cdc48 Microsome Association Assay
Yeast strains were grown to log phase (OD 600 0.2-0.3) and 15 ODs of cells were pelleted. Cells were resuspended in H 2 0, centrifuged and lysed with the addition of 0.5 mM glass beads and 400 mL of XL buffer with PIs and vortexed in 1 min intervals for 6-8 min at 4 C. Lysates were combined and clarified by centrifugation at 2,500 g for 5 min. 50 mL of lysate was transferred to another tube and designated as total fraction (T). The rest of clarified lysate was centrifuged at 20,000 x g for 5 min to separate microsome pellet (P) and cytosolic supernatant fraction (S). An equivalent volume of 2xUSB was added to T, P and S fractions followed by solubilization at 55 C for 10 min. Samples were clarified by centrifugation, analyzed by SDS-PAGE and immunoblotted for Cdc48 and PGK1 with a-CDC48 and a-PGK1 respectively.
Flow Cytometry
Flow cytometry for GFP was performed as previously described (Garza et al., 2009b) . Cells were grown to OD 600 0.15-.2. Data were obtained through using an Accuri machine (BD Biosciences) and Flowjo software.
Yeast genome resequencing and analysis Genomic DNA was isolated with the MasterPure Yeast DNA purification kit (Epicenter). Approximately 50 ng of gDNA was tagmented using the Nextera DNA Sample Preparation Kit (Illumina) with 0.5 ml Tn5 (Tagment DNA Enzyme 1) in a total volume of 20 ml and 5 min incubation time at 55 C. Reaction was purified using the ChIP DNA Clean and Concentrate kit (Zymo Research) and amplified and barcoded for 9 PCR cycles. Libraries were size selected for 200-250bp by gel isolation and sequenced SE75 on a NextSeq 2500 (Illumina). Adaptor sequences were trimmed from the 3 0 ends and the reads were then aligned using bowtie 2 (version 2.3; default parameters) (Langmead and Salzberg, 2012) to the S. cerevisiae genome (sacCer3). HOMER (Heinz et al., 2010) was used to tile the genome in 10 kb regions and generate normalized read densities per 10kb region using the annotatePeaks.pl command.
Code: getGenomeTilingPeaks -res 10000 -d Exp -TagDir/ > regions.txt annotatePeaks.pl regions.txt sacCer3 -d Exp1 -TagDir/ Exp2-TagDir/ Exp3-TagDir/ > coverage.txt
QUANTIFICATION AND STATISTICAL ANALYSIS
ImageJ (NIH) was used for all western blot quantifications. Band intensities were measured directly from films scanned in high resolution (600 dpi) in TIFF file format. ''Mean gray value'' was set for band intensity measurements. In such experiments, a representative western blot was shown and band intensities were normalized to PGK1 loading control and quantified. t = 0 was taken as 100% and data are represented as mean ± SEM from at least three experiments.
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Sonya Neal, Philipp A. Jaeger, Sascha H. Duttke, Christopher K. Benner, Christopher Glass, Trey Ideker, and Randolph Hampton Fig. 6A , except dfm1 cells overexpressing Hmg2-GFP were passaged to suppression. Cells were passaged at the indicated number of times into fresh minimal media (P0, P4, and P9). Hmg2-GFP levels were analyzed by flow cytometry. WT and hrd1 cells over expressing Hmg2-GFP were also passaged as controls. Histograms of 10,000 cells are shown, with the number of cells versus GFP fluorescence. (B) Ste6*-GFP is degraded to WT levels in dfm1 suppressed cells. Same as Fig. 6B except degradation of Ste6*-GFP was measured by CHX-chase assay in WT, dfm1 P0 and dfm1 P9 cells. (C) Ste6*-GFP retrotranslocation was completely restored in substrate induced dfm1 suppressed cells. Lysates were ultracentrifuged to discern ubiquitinated Ste6*-GFP that either has been retrotranslocated into the soluble fraction (S) or remained in the membrane (P). Following fractionation, Ste6*-GFP was immunoprecipitated from both fractions, and immunoblotted with -GFP and -Ubi. (D) ChrXV duplication is triggered by Ste6*-GFP expression in dfm1 cells. Chromosome profiles of whole genome sequencing data mapped across ChrXV. (E) dfm1 suppression is induced by Hmg2-GFP overexpression. Same as Fig. 6A , except dfm1 cells overexpressing GAL driven Hmg2-GFP were passaged to suppression. dfm1 cells were grown either in the presence of galactose to turn on Hmg2-GFP expression (upper panel) or glucose to turn off Hmg2-GFP expression and passaged at the indicated number of times into fresh minimal media (P0 and P9). dfm1 cells passaged in glucose were replaced with galactose to trigger Hmg2-GFP expression. Flow cytometry was used to assess Hmg2-GFP levels. Histograms of 10,000 cells are shown, with the number of cells versus GFP fluorescence. 
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